The quiescent-cell expression system is a radical alternative to conventional fermentation for protein overproduction in Escherichia coli. It is dependent on the controlled overexpression of a small RNA called Rcd in hns mutant strains to generate nongrowing, quiescent cells which are not nutrient limited. Quiescent cells no longer produce biomass and have their metabolic resources channelled toward the expression of plasmidbased genes. The biosynthetic capacity of the system is demonstrated by its ability to express chloramphenicol acetyltransferase to more than 40% of total cell protein. Quiescent cells may provide an ideal environment for the expression of toxic as well as benign proteins.
coli. It is well known that plasmid dimers, arising initially by recombination and proliferating by over-replication, are a major cause of segregational instability among cloning vectors (25, 29) . Dimers and higher multimers of ColE1 and other natural plasmids are resolved to monomers by unidirectional, sitespecific recombination requiring a 250-bp region of ColE1 (the cer site [28] ) and at least four proteins (XerC, XerD, ArgR, and PepA) encoded by the host bacterium (5) . The presence of multimers also triggers the expression of a small RNA called Rcd (regulator of cell division) from its promoter (P cer ) within the ColE1 cer site (21) . Transient expression of the Rcd transcript is proposed to delay cell division, allowing time for plasmid multimers to be removed and avoiding the production of plasmid-free offspring (27) . Cells in which Rcd is overexpressed for an extended period have a distinct cell cycle arrest phenotype. The majority of cells are of uniform size (two to four cell lengths) with correctly partitioned, condensed nucleoids, but they remain undivided since no cell septum is formed. As distinct from other situations in which cell division is blocked, Rcd overexpression does not lead to cell filamentation. We describe here how these cells can be exploited as factories for the high-level expression of plasmid-borne genes.
MATERIALS AND METHODS
Strains and plasmids. DS941 and DS903 are derivatives of E. coli K-12 strain AB1157 (3). DS941 is AB1157 recF lacI q lacZ⌬M15 (lacY). DS903 is AB1157 recF and carries wild-type lacI and lacZ genes. The hns-205::Tn10 derivatives of DS941 and DS903 were constructed by P1 transduction from strain GM230 (11) selecting for mucoid, tetracycline-resistant colonies.
PCR was used to generate DNA fragments where Rcd was placed under the control of the P R promoter by using the oligonucleotide primers 5Ј-ATGCAT ATGTAACACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATAAT GGTTGCAGGCGCGATCGCGGCAG-3Ј and 5Ј-ATGCATATGATTTACCA TAATCCC-3Ј and pKS490 (21) as template. PCR-generated DNA fragments were cloned into the SmaI site of pUC18 (35) to generate plasmid B8. Our original vector system for generating a quiescent state used two plasmids with compatible origins: plasmid B8 (a 2,915-bp pUC18-based vector containing a 179-bp PCR-generated fragment with rcd under control of the P R promoter) and pcIts857 (22) . The single-shot vector pCm(ss)-19 (5,177 bp) was constructed by ligating the 1,220-bp BglI-BglII fragment of pcIts857 containing the cIts857 temperature-sensitive repressor allele with the 3,456-bp BamHI-BglI fragment of pACYC184 (4) to create plasmid pACYC/cIts857-68 (4,676 bp). Plasmid B8 was cut with PvuII, and the 501-bp fragment containing the P R -rcd fusion cloned into the Bst1107I site of pACYC/cIts857-68 to create pCm(ss)-19 (5,177 bp). Plasmid pSC1 contains the hns gene under the control of the P tac promoter (18) .
Plasmids were introduced by electroporation with a Gene Pulser (Bio-Rad Laboratories, Ltd., Hemel Hempstead, England) according to the manufacturer's specifications. Transformants were selected on Iso-Sensitest broth agar (which is used for antimicrobial susceptibility testing; Oxoid/UniPath, Basingstoke, England) at 30°C so that Rcd expression was repressed by the cIts857 protein, allowing colonies to form. Where appropriate, media were supplemented with kanamycin (50 g/ml), ampicillin (100 g/ml), or chloramphenicol (30 g/ml).
Cell culture and quiescence. Cells were grown in L broth (14) in 50-ml conical shake flasks containing antibiotics, where appropriate, for plasmid selection. A single colony of the plasmid-containing strains was picked from a selective plate and cultured overnight in L broth at 30°C. Portions (0.2 to 1 ml) of the overnight culture were used to inoculate 20 to 30 ml of L broth prewarmed to 30°C. After the cells had undergone several generations in exponential phase, reaching an optical density at 600 nm (OD 600 ) of between 0.2 and 0.3, 1 to 4 ml of culture was withdrawn and used to inoculate 17 to 21 ml of L broth prewarmed to 42°C. The shift in growth temperature induces Rcd expression from the P R promoter, since the cIts857 protein does not function as a transcriptional repressor at 42°C. An Rcd-induced quiescent state was reached within 3 h. Then, 20 l of carbenicillin (50 g/ml) was added each hour to maintain selection for pB8. The viability of cells in quiescent culture was assessed by colony formation (measured as CFU per milliliter) on selective Iso-Sensitest agar plates at 30°C (repressing conditions for Rcd expression).
DAPI and viability staining. For staining with DAPI (4Ј,6-diamidino-2-phenylindole) cells from broth culture were heat fixed onto Poly-Prep slides (SigmaAldrich, Poole, England) coated with poly-L-lysine. Cells were permeabilized with 4% para-formaldehyde for 1 min and stained with DAPI (Sigma-Aldrich) (0.1 g/ml) for 2 min. The excess stain was removed, and cells were mounted by using 70% glycerol and sealed under a coverslip. Cells in broth culture were tested for viability by use of the Live/Dead Baclight bacterial viability kit (Molecular Probes, Leiden, The Netherlands), which utilizes the fluorescent nucleic acid stains SYTO9 and propidium iodide. Cells were stained in suspension according to the manufacturer's instructions and examined by fluorescent light microscopy. Live cells are stained by SYTO9 and fluoresce green, while dead cells are stained by propidium iodide and fluoresce red.
Measurements of ␤-galactosidase expression. Expression of the lacZ gene was monitored by assaying ␤-galactosidase activity by the method of Miller (19) . ␤-Galactosidase activity was expressed in Miller units, which are equivalent to the increase in o-nitrophenol concentration per minute per bacterium. A 1 mM concentration of isopropyl-␤-D-thiogalactopyranoside (IPTG) was used to induce lacZ expression. - 35 S]methionine, 1,175 Ci/mmol; NEN Life Science Products, Hounslow, England). Total protein was prepared from 10 ml of culture. Cells were centrifuged for 6 min at 4,000 rpm at room temperature; they were then washed twice with 5 ml of phosphate buffer (pH 7.0) and suspended in 100 l of phosphate buffer and an equivalent volume of 2ϫ sodium dodecyl sulfate (SDS) Laemmli sample buffer (Sigma-Aldrich). Then 1 l of protein sample was loaded onto a SDS-4 to 15% polyacrylamide gel electrophoresis (PAGE) homogeneous Phast-Gel (Amersham Pharmacia Biotech, Little Chalfont, England) and run for 40 min at 250 V against Rainbow 14 C-methylated protein molecular weight markers (Amersham Pharmacia Biotech). Proteins were fixed for 30 min in isopropanol-water-acetic acid (25:65:10), and the gel was treated with Amplify (Amersham Pharmacia Biotech) for 20 min, followed by soaking in 1% glycerol for 30 min. The gel was dried at 65°C overnight before autoradiography. Two to 4 l of proteins was also separated on a 12.5% homogenous SDS-PAGE Phast-Gel, stained with Coomassie brilliant blue R (SigmaAldrich), and destained in methanol-water-acetic acid (40:53:7). N-terminal sequence analysis was carried out at the Protein and Nucleic Acid Chemistry Facility, Department of Biochemistry, University of Cambridge.
RESULTS

Effect of Rcd overexpression on cells in broth culture.
In order to achieve inducible high-level expression of Rcd, the coding sequence under control of the lambda P R promoter (P R ) was inserted into pUC18. A temperature-sensitive cI repressor protein (cIts857) was used to control Rcd expression. The cIts857 protein is inactive at 42°C, so transcription of rcd from the P R promoter is induced when the growth temperature is shifted from 30 to 42°C. The cIts857 allele was present either on a compatible plasmid, pcIts857 (22) (the two-plasmid system; Fig. 1A ), or on the same plasmid as Rcd (the singleshot system; Fig. 1B ). As expected, when Rcd was overexpressed with the two-plasmid system in DS941 (a derivative of E. coli K-12 AB1157) and in many other strains used in largescale fermentations, it prevented colony formation on IsoSensitest broth agar, L agar, and minimal agar (data not shown). To our surprise, in L broth culture the same strains responded slowly or not at all to Rcd overproduction. Figure  2A shows that overexpressing Rcd in DS941 leads to a reduction in growth rate, although growth continued for many hours, and the final OD was only slightly less than the control culture containing the plasmid pKS490 which expresses Rcd at extremely low levels.
A mutation in hns is necessary to generate an Rcd-induced quiescent state in broth culture. We supposed that differences between the levels of global regulators for cells growing on agar and in liquid culture might explain differences in response to Rcd induction. It has been reported that when H-NS (histone-like nucleoid structuring) protein (2, 33) is overexpressed it causes growth inhibition, filamentation, and nucleoid compaction (24) . Since nucleoid condensation is also found in DS941 overexpressing Rcd on agar plates and in broth culture, we speculated that an increased level of H-NS in tandem with Rcd expression might result in growth arrest in broth culture. Much to our surprise, we found the reverse was true: cells in L broth (Fig. 2B ) and minimal medium (37) carrying an hns-205:: Tn10 mutation (11, 30) entered a stable nongrowing (quiescent) state in response to Rcd induction. Figure 2B shows the effect of overexpressing Rcd with the two plasmid system in DS941hns-205 growing in L broth. Cells growing exponentially at 30°C were subcultured into L broth prewarmed to 42°C to induce Rcd. By 2 to 3 h after the temperature shift there was no further increase in the OD of the culture, whereas control cultures without Rcd showed normal growth kinetics. To confirm that mutation in hns is required for the establishment of the quiescent state, we compared the effect of Rcd overexpression in hns-205 cells with or without pSC1, a multicopy plasmid expressing wild-type H-NS (18) . When H-NS was expressed from pSC1, the culture continued to grow well beyond the point at which cells lacking the H-NS-producing plasmid entered a quiescent state (data not shown). We have compared the efficacy of various hns alleles in the establishment of the quiescent state (data not shown). We found that cells carrying Fig. 3 , which also includes data on the viability of quiescent cells assayed by measuring CFU on agar plates at 30°C. We found that CFU initially showed a decline after Rcd induction but then stabilized as the culture remained in quiescence for up to 8 h (Fig. 3) . Cell viability was also tested with the Live/Dead Baclight bacterial viability kit (Molecular Probes), which utilizes the fluorescent nucleic acid stains SYTO9 and propidium iodide. After 8 h of culture at 42°C, approximately 25% of the cells per field of view were stained green with SYTO9, suggesting that a significant subpopulation of quiescent cells remained alive (data not shown). Taken together, these results suggest that the viability and the ability to escape from the quiescent state decrease with time, but a relatively stable subpopulation of viable cells remain. Microscopic examination of DAPI-stained quiescent cells showed that the majority of cells were elongated to an average of four times the normal cell length compared to the control strain, where cells were grown under identical conditions but in the absence of Rcd (Fig. 4A  and B) . A closer examination at a higher magnification revealed that quiescent cells contained very compact nucleoids (Fig. 4C) .
Quiescent cells synthesize proteins preferentially from plasmid-borne genes. The de novo protein synthetic capacity of quiescent cells was investigated by [ 35 S]methionine pulse-labelling and SDS-PAGE analysis of total protein isolated from DS941hns-205 containing pCm(ss)-19 after induction of Rcd expression. Figure 5 shows an autoradiograph of [ When Rcd was expressed, growth of the culture stopped within 2 h, whereas in the absence of Rcd cells grew normally, eventually entering stationary phase (data not shown). The levels of ␤-galactosidase in these cultures are shown in Fig. 7 , where Miller units are normalized for cell biomass and the data thus represent the protein content per cell. The control culture DS903hns-205, which contained no Rcd, showed a high level of ␤-galactosidase activity, increasing from 1,700 to 7,500 Miller units. It is common to observe an increase in lacZ expression as a culture enters stationary phase. In contrast, the level of ␤-galactosidase expression from the chromosomal lacZ gene in the quiescent culture was less than 200 Miller units (Fig. 7) . This result is consistent with the downregulation of chromosomal genes in quiescent cells. 
DISCUSSION
We have exploited the ColE1-encoded regulatory transcript, Rcd, to develop an E. coli quiescent cell system for the overexpression of proteins from plasmids. Quiescent cells are generated by the controlled overexpression of Rcd in hns-205 mutant cells in broth culture. The cell density at which growth is arrested can be readily controlled and is achieved under culture conditions where nutrients are not limiting. Quiescent cells remain competent for protein synthesis from plasmidborne genes, while chromosomal gene expression decreases, possibly as a consequence of nucleoid condensation. The low level of chromosome gene expression is advantageous for the purification of proteins by downstream processes. Furthermore, in the quiescent state the metabolic resources of the cell are channelled toward the expression of plasmid-borne genes. Our data suggest that quiescent cells are extremely productive and that a relatively small biomass can have a high level of protein production.
We have shown that cells are able to synthesize the plasmidencoded CAT protein for at least 10 h after Rcd induction despite some decline in the rate of synthesis over time. It is known that CAT expression in E. coli increases four-to fivefold when the growth temperature is shifted from 37 to 42°C, possibly as the result of posttranscriptional regulation (15) . Despite a temperature shift being involved in Rcd expression, this does not explain the high level of CAT expression observed in quiescent cells. The level of CAT production in the control culture DS941hns-205 pACYC/cIts857 (Fig. 6, lane 2) grown at 42°C for 160 min to a biomass equivalent to that of a quiescent culture produced levels of CAT protein far lower than was observed in quiescent cells. Our data suggest that the CAT promoter is very active in quiescent cells. We are presently developing dedicated expression vectors for use in this system and have identified several additional promoters which also direct high levels of gene expression in cells which have entered quiescence (38).
For rapid establishment of an Rcd-induced quiescent state, the bacterial strain must contain an hns mutation. In this report we used the hns-205::Tn10 allele, which produces a Cterminal-truncated H-NS protein (7, 11) . Quiescence was also achieved for strains containing the N43 hns::tet (which also produces C-terminal-truncated H-NS protein) and the hns::neo null mutation (32) . However, not all hns mutations appear suited for achieving an Rcd-induced quiescence. For example, overexpressing Rcd in DS941 containing the hns-206::amp null mutation (6) does not stop cell growth. At present, we have no explanation for the allele specificity of hns on entry into quiescence. Quiescent cell culture uncouples protein synthesis from biomass production and retains cells in a nutrient rich, nonstressful environment favorable for extended protein synthesis of plasmid-borne genes. These cells may provide a useful expression system for "difficult" proteins (e.g., polytopic membrane proteins) which disrupt cell growth and division in conventional culture. There may also be benefits for the expression of benign proteins where a scale-down in the size of fermentations could be achieved without a reduction in product yield. Furthermore, use of quiescent cells means that the segregational instability of cloning vectors is no longer a problem; indeed some plasmids in these cells continue to replicate, amplifying their copy number and the dosage of any cloned gene (30) .
We note that the plasmid-encoded cIts857 protein does not show the same high-level accumulation as CAT in quiescent cells. This disparity in protein levels probably reflects the differences between the efficiency of transcription and translation of the CAT and cI genes. It is also possible that the cIts857 protein is unstable and is degraded rapidly at 42°C. In any case it is clear that not all plasmid-borne genes are expressed at the same high level in quiescent cells. We can exploit such differences by using transcription and translation control signals which ensure the high-level expression of the product gene while choosing expression signals of nonproduct genes, such as antibiotic resistance, which lead to low-level expression in quiescence.
The quiescent state is quite distinct from the stationary phase. This difference is demonstrated by our observation that in the former case ␤-galactosidase levels decline, while in the latter they rise (Fig. 7) . Furthermore, an initial attempt to identify promoters that are activated in the quiescent state focused on "gearbox" promoters and used the well-characterized bolAp 1 promoter as an example (34) . The expression of this promoter is maximal in slow-growing and stationary-phase cells, but we were unable to detect expression from plasmidborne bolAp 1 ::lacZ fusions in quiescent cells (7a).
The expression system described here is protected by International patent PCT/GB97/00731 (30) . FIG. 7 . Chromosomal lacZ gene expression in quiescent cells. DS903hns-205 and DS903hns-205 containing the two-plasmid system for Rcd expression were grown initially in L broth at 30°C and then diluted in L broth prewarmed to 42°C containing 1 mM IPTG to induce expression of the lacZ gene. Carbenicillin (50 g ml Ϫ1 ) was added each hour to maintain selection for plasmid B8. DS903hns-205 containing the two-plasmid system reached an Rcd-induced quiescent state within 2 h, whereas the control culture continued to grow. ␤-Galactosidase activity is expressed in Miller units in the presence (black bars) and absence (white bars) of Rcd.
